The palindrome is one class of symmetrical duplications with reverse complementary characters, which is widely distributed in many organisms. Graphical representation of DNA sequence provides a simple way of viewing and comparing various genomic structures. Through 3-D DNA walk analysis, the similarity and differences in nucleotide composition, as well as the evolutionary relationship between human and chimpanzee MAGE/CSAG-palindromes, can be clearly revealed. Further wavelet analysis indicated that duplicated segments have irregular patterns compared to their surrounding sequences. However, sequence similarity analysis suggests that there is possible common ancestor between human and chimpanzee MAGE/CSAG-palindromes. Based on the specific distribution and orientation of the repeated sequences, a simple possible evolutionary model of the palindromes is suggested, which may help us to better understand the evolutionary course of the genes and the symmetrical sequences.
Introduction
In nature, symmetry can be found everywhere, including macroscopic and microcosmic objects. The palindrome, as one of the symmetrical sequences, consists of two arms of similar DNA-with one inverted and complemented relative to the other around a central point, usually nonhomologous spacer. Previous studies report that palindromic sequences are frequently observed and important for the structure and/or function of several classes of proteins [1, 2] . However, extracting statistical features within the palindrome still needs to be further explored, and this may improve understanding of the organization of candidates for immunotherapy [3, 4] , and the evolution of life on the genomic level [5, 6] .
Nowadays, methods of signal processing are becoming increasingly popular for various applications in bioinformatics as they may facilitate the exploration of intrinsic structural features. For example, mutual information functions [7, 8] , autocorrelation functions [9, 10] , power spectra [11, 12] , "DNA walk" representation [13] , Zipf analysis [14] , Fourier analysis [15] and so on have revealed many interesting physical properties of DNA molecules. However, the mosaic structure of DNA sequences is one of the main obstacles to intricate statistical analysis [16] . These patches appear in the DNA walk landscapes and are likely to introduce some breaking of scale invariance [17, 18] . Wavelets have been widely applied to a variety of biomedical problems with great success [19] [20] [21] . In addition, wavelets are also well suited to visualizing patterns in DNA sequences and extracting regions with biological interest [22] . Wavelet transform has been found useful for verifying the existence of long-range correlations in intronic DNA sequences [23] , and characterizing the scaling properties of sequences [24, 25] .
With the completion of the human genome sequence, comparative genomics has become a powerful approach to extracting genetic information from large stretches of nucleotide sequences. The chimpanzee, our closest living relative, may help us to understand humans thoroughly both in function and statistical features.
Fourier transformation is often used to convert a signal to the frequency domain. However, there are some disadvantages that restrict its wide application. For example, Fourier transformation cannot provide information about a simple discontinuity signal spectrogram and time-localization [26] . Compared with Fourier transformation, wavelets show advantages in analyzing signals that contain discontinuities and sharp spikes. This is mainly due to the fact that the wavelet transform incorporates in its definition two basic features, time and scale, which are important to fractal processes. Therefore, there is a growing interest in using wavelets in the sequence analysis. One of the easiest ways to extract information from a DNA sequence is to "view" it. In this study, we used the Daubechies wavelet (db1) 1-D Daubechies binary discrete wavelet analysis of DNA walks on the palindromes that contains some MAGEA and CSAG cancer/testis family genes (so called "MAGE/CSAG-palindrome") [27] . By digital signal processing tools, we try to address the pattern irregularities in the palindromes, which are often associated with biological function. Our data suggest that segmental duplications and their reverse complemented sequences, which are located in either the two arms or the spacers of the palindromes, display distinct pattern regularities under wavelet analysis. In addition, a simple evolutionary model is proposed for the evolutionary relationship between human and chimpanzee based on the symmetrical structure of the MAGE/CSAG-palindromes.
Results and discussion
The orthologous segmental repeats have higher similarities than the paralogous sequences We performed dot matrix program alignment for the palindrome sequences in human and chimpanzee. It was found that the sequence length is 111.399 kb for the palindrome from human, and 107.974 kb for that from chimpanzee. The left and right arms of human palindrome H_IR are 51.214 and 51.191 kb, respectively, with spacer of 8.994 kb. However, the arms of the homologous X-palindrome in chimpanzee are shorter (44.294 and 44.308 kb, respectively), while the spacer is lager (19.372 kb). The arm-to-arm similarity in palindrome is 99.7% and 99.8% in the chimpanzee and human, respectively. However, the similarity of orthologous sequences between human and chimpanzee is a little bit lower, which is 97.4%, 97.3% and 94.3% for the left arms, right arms and the spacer regions, respectively.
As seen in Figure 1 , the dot plot shows that there are five segmental repeats, r1 to r5, on the MAGE/CSAG-palindrome from both human (H_r1$H_r5) and chimpanzee (P_r1$P_r5). These include two inverted repeats and two direct repeats on both arms of the palindrome and one segmental repeat in the spacers which is completely reversed. Using the Martinez-NW Method, we calculated the similarity between these repeats. The results showed that the similarities between the repeats within the same species were mostly less than 90% (Table S1A, B) , while the similarities were more than 90% between orthologous repeats of the human and chimpanzee palindromes (Table S1C) . For example, the similarity between r1 and the other repeats (r2 to r5) in human is 80.60%, 82.20%, 80.60% and 99.50%, respectively while the r1 repeat from human and chimpanzee shares 97.8% similarity.
Three-dimensional DNA walks of the human and chimpanzee X palindromes Graphical representations of DNA sequences are helpful because they allow visual observations of base patterns, sequence composition and evolution. The four-letter genome alphabet is firstly converted into some numerical pattern. By increasing the dimensionality of numerical DNA sequence, DNA walk representation is no longer limited to strictly binary classifications only [13] , and may be useful to reflect structural information.
In this study, we adopt an image representation for nucleotides based on the 3D DNA walks analysis. Similar trends of the repetitive regions on the both arms of palindromes, and dissimilar tendencies in the spacers can be observed easily using the complex walk representation. The resulting walk sequences were plotted in the 3D Cartesian coordinate system with the index k for sequence Y plotted along the Z axis ( Figure 2) . The DNA walk plots provide a direct graphical representation for these direct repeats and inverted repetitive sequences. In particular, the graphical representation highlights the similarity and difference of the palindromes between human and chimpanzee. The remarkable differences were further investigated by wavelet analysis to visualize the fractal pattern along the human and chimpanzee palindromes.
Wavelet analysis of DNA walks of the palindromes Figure 3 display the 3D DNA walks wavelet analysis of the MAGE/CSAG-palindromes for human and chimpanzee, respectively. The top portion of each of the figures produced by the Wavelet toolbox plots the Ca; s wavelet coefficients versus the base index number, while the bottom portion is a "temperature" plot of jCa; sj 2 versus the scale and base index number. High temperatures correspond to high intensities of jCa; sj 2 [22] . Regions of high intensity in the wavelet transform are correlated with segmental duplications, which contain testis/cancer MAGEA/CSAG genes. As shown in Figure 3A , regions of high intensity in the yellow boxes are matched to these segmental repeats, which include all introns and exons of MAGE-A genes [27] , such as MAGEA 6, MAGEA 2B, MAGEA 12, MAGEA 2 and MAGEA 3 genes. However, some CSAG genes fell out of the scope, such as CSAG2, CSAG4, CSAG1 and CSAG2B. A similar phenomenon was observed in the MAGE/CSAG-palindrome of chimpanzee ( Figure 3B ). Indeed, these segmental repeats generate irregular patterns in the DNA walk, which show high intensity in the wavelet transform. The region of high-intensity appearing on the right side of the fifth rectangular box may be due to its high GC components. This suggested that the segmental duplications with biological functions of the palindromes confer this distinct wavelet transform pattern from their surrounding sequences without biological functions.
Phylogenetic relationship between the human and chimpanzee palindromes
The similarity between the whole human and chimpanzee palindrome structure is 94.5%. In order to look for evidence that the MAGE/CSAG-palindrome was present in the common ancestor of human and chimpanzee, we further analyzed the two 400 bp inner boundaries (the sequences between the left arm and the spacer, and between the spacer chimpanzee, but the orthologous inner boundaries have very low similarities. For example, the similarity between the left outer boundary of H_IR (L_O_H) and the left outer boundary of P_IR (L_O_P) is 99.20%, but the similarity between the left inner boundary of H_IR (L_I_H) and the left inner boundary of P _IR (L_I_P) is 34.40%. However, we observed extremely low similarity between the paralogous two outer/inner boundaries within the same palindrome (Table S2 ). For example, the similarity between the L_O_H and the right outer boundary of H_IR (R_O_H) is 31.60%, the similarity between the L_O_P and the right outer boundary of P_IR (R_O_P) is 31.60%. These findings suggested that the palindromes were already present in the common ancestor of humans and chimpanzees. Furthermore, it was also found that the similarities between the orthologous arms are less than that of the paralogous arms both in human and chimpanzee. In this study, all repetitive segments contain MAGE-A/CSAG genes, and the same gene order is maintained in the chimpanzee as in the human [28, 29] . Therefore, we speculated that the palindromes might pre-date separation of the human and chimpanzee lineages, and the paired arms of the palindromes evolved in concert. However, it is still a challenge for researchers to interpret the recent origin of these segments and their role in primate genome evolution [29] [30] [31] [32] [33] [34] . Segmental duplications have been shown to be associated with genome rearrangement events during species evolution [35, 36] . Unequal crossing over may happen between these repetitive segments with high similarities during evolution after human diverged from chimpanzee, which may have strong effects on longscale correlation observed in the original palindromes. Therefore, a simple model of the evolutionary relationship between the MAGE/CSAG-palindromes of human and chimpanzee is proposed in Figure 4 . The common ancestral palindrome may have three symmetrical repetitive segments on each arm. When unequal chromatid exchange occurs between tandem arrays of sequence, contraction and expansion of the array can homogenize the sequence repeats. Finally, the produced palindromes include different structural patterns. This may suggest that the evolutionary mechanism and structures of palindromes on the X chromosome differ from those of the palindromes on the Y chromosome [1, 2, 37] . However, further experiments are still needed to study the structure, biological function and the relationship between human and chimpanzee.
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Conclusion
The graphic comparison of the sequences by DNA walks using wavelet analysis may help us to better investigate and characterize the features and structures, and offer a comprehensive understanding for regions of biological interest. From the 3-D DNA walk plots, we can visualize the similarities and differences between human and chimpanzee during the evolutionary process. Further wavelet analysis indicates that the sequences with biological significance have different patterns compared to surrounding sequences, and the duplicated segments present in the palindromes reflect the evolutionary course. Based on the specific distribution and possible occurrences, such as crossing over, gene conversion and so on, we proposed a simple evolutionary model of the MAGE/CSAG-palindromes on the human and the chimpanzee X chromosomes, although the numbers of palindromes on the human X chromosome considered here are not plenteous, and our knowledge about their real evolutionary origin and hidden significance is incomplete. The model allows for a direct visualization of irregular genomic structural patterns, and may offer a new vision to better understand the special structure and evolution of the X-palindromes. Further experiments are still needed to verify the particular characteristics and biological functions, as well as the phylogenetic relationship to other primates.
Materials and methods

Subjects and data
The sequences of human complete palindrome and chimpanzee BAC clones (AC145689, AC144384) were downloaded from the NCBI website (http://www.ncbi.nlm. nih.gov/) (NCBI, Build Number: 37.1). The palindrome locates on the human X chromosome 151847041$ The human MAGE CSAG palindrome Ancestral Unequal crossover between duplicated segments
The chimpanzee MAGE CSAG palindrome B Human A Chimpanzee Figure 4 Proposed evolutionary model of the MAGE/CSAG-palindromes The common ancestral palindrome may have three symmetrical repetitive segments on each arm. The chimpanzee palindrome (A) and the human palindrome (B) were produced after unequal crossover between duplicated segments. There are two inverted repetitive segments (black regions with the right arrow) and three direct repetitive segments (black regions with the left arrow) on the chimpanzee MAGE/CSAG-palindrome. In contrast, three inverted repetitive segments and two direct repetitive segments exist on the human MAGE/CSAG-palindrome.
151958439, containing some testis/cancer genes [37] . Location of the palindrome on the chimpanzee X chromosome, as well as the arms of the two palindromes, was obtained, by performing dot matrix program alignment of the BAC clones [38] .
DNA walk analysis
The random 2D DNA walk plot provides a tool to exhibit periodic patterns in a sequence [13] . By increasing the dimensionality of the numerical DNA sequence, the graphical representation is no longer limited strictly to binary classifications. Here we adopt a distinct representation for nucleotides based on their mapping into the four cardinal points fþ1; À1; þj; Àjg of the complex plane. Let v ¼ fx½i; i ¼ 1; 2; . . . ; N g denote as a DNA sequence of length N. For a position k within the DNA sequence, we define the value x½k ¼ þ1 for A, x½k ¼ À1 for T, x½k ¼ þj for C, x½k ¼ Àj for G. Furthermore, let us denote the 3D DNA walk sequence as Y ¼ fy½i; i ¼ 1; 2; . . . ; N g, where for any position k we have a cumulative sum of the x½i for 1 6 i 6 k described by:
In this method, four cardinal directions in (x, y) coordinate system are chosen to represent the content of the four bases in DNA sequences. Among the existing methods of DNA sequence visualization, 3D walk [39] is the most popular method.
Wavelet-based analysis
Wavelet-based tools are well suited to multi-resolution analysis and local feature extraction of non-stationary signals, such as locating different patterns in genome sequences [40] . The continuous wavelet transform (CWT) of a signal B H ðtÞ with respect to the wavelet wðtÞ is defined as:
where a (the scale parameter) > 0 and s (the translation parameter) is a real number. Generally, by using the CWT with discrete values of a and s, the discrete wavelet transform (DWT) is simply determined. Here we merely choose the Daubechies wavelet (db1) 1-D Daubechies, and denote a ¼ 2 j ; j 2 Z.
